The infectivity of Heterorhabditis megidis infective juveniles (IJs) increases during storage in water. We investigated whether this change can be related to other features of the IJs' behaviour. IJs were stored in water for 4 weeks at 20 mC, and the following parameters were assessed at intervals : infectivity for Galleria mellonella, dispersal in sand, host-finding on agar, and the percentage of IJs active in water. In addition, the behaviour of the IJs in water was described using 7 categories. Immediately after emerging from the host cadaver, IJs were highly active (99 % of IJs in water were active and 65 % displayed ' waving ', the normal method of forward movement). Maximum responsiveness to host volatiles in an agar plate assay was recorded on day 2 (69 % of IJs moved from the point of application and 44 % of all IJs in the agar arena moved towards a host) and maximum dispersal in sand (5n8 cm) on day 0. These tendencies declined gradually with age, while infectivity underwent a significant increase from 11 nematodes per insect on day 0 to 38 nematodes per insect on day 9. Three phases could be distinguished in the behaviour of H. megidis IJs : an initial dispersal phase, during which infectivity was low ; an infective phase, during which dispersal tendency was declining, and a third phase during which all behaviours (dispersal, infectivity and activity) were declining. Over the 4-week storage period, infectivity of H. megidis IJs was correlated (R# l 0n83) with the percentage time IJs engaged in ' head thrusting ' (a behaviour that resembles penetration). There is no evidence that the observed increase in infectivity of H. megidis strain UK211 could be accounted for by a generally greater level of motor activity, nor by an increase in responsiveness to volatile host cues, and it is suggested that it is due to an increased tendency to attempt penetration.
introduction
The infectivity of non-feeding infective juveniles (IJs) of parasitic nematodes typically declines over time due to a reduction in energy stores, principally the lipid and carbohydrate reserves (Croll & Matthews, 1973 ; Storey, 1984 ; Patel, Stolinski & Wright, 1997) . However, for the entomopathogenic nematodes, both heterorhabditids and steinernematids, changes in infectivity occur prior to the eventual decline associated with starvation (Fan & Hominick, 1991 ; Curran, 1993 ; Ishibashi, Wang & Kondo, 1994 ; Griffin, 1996 ; Bohan & Hominick, 1997) . Two hypotheses have been proposed to explain this so-called ' phased infectivity '. The first hypothesis is based on the assumption that there are two subsets of the IJ population : infectious and noninfectious (Hominick & Reid, 1990 ; Bohan & Hominick, 1994 a, b, 1996 . A noninfectious IJ is one which, at the time of testing, will not parasitize a host even when given unlimited access. According to this model, fluctuations in infectivity result from changes in the proportion of non-infectious IJs (Bohan & Hominick, 1997) . The presence of a non-infectious proportion can be detected by the continued failure of IJs to infect no matter how the test conditions are manipulated (e.g. by successive exposure to several hosts or by simultaneous exposure to high host densities). Campbell et al. (1999) found evidence of a temporarily non-infectious proportion in Heterorhabditis bacteriophora, but not in 3 Steinernema species. An alternative hypothesis of phased infectivity proposed by Griffin (1995 Griffin ( , 1996 assumes that the infectious individuals are not all physiologically and behaviourally identical, but that they vary in their infectivity (probability of penetrating a host per unit time). Fluctuations in the infectivity of a population may reflect underlying changes in the infectivity of individuals -either their ability or motivation to infect an insect. Phased infectivity sensu Griffin will not be detected where the nematodes have unlimited access to hosts, as in such circumstances all infectious individuals, even those with low infectivity, will eventually penetrate an insect.
For H. megidis, an increase in infectivity occurred during the second or third week after emergence from the host cadaver when IJs were maintained at 20 mC and tested in an assay with restricted access to hosts (Griffin, 1996 ; Boff, Wiegers & Smits, 2000) . Griffin (1996) proposed that low infectivity of these nematodes was associated with a lower likelihood of each IJ infecting within the time-period of the assay, and that the observed increase in infectivity of the population represented an increase in infective capabilities rather than a switch from non-infectious to infectious status. This might entail an increase in general locomotor activity or improved responsiveness to the host (Griffin, 1996) . The objectives of the present study were to test whether either of these parameters was correlated with infectivity of ageing H. megidis IJs, and to see how the changes in infectivity fit into the overall behavioural strategy of the species. To do this we examine changes in the behaviour of the IJs following emergence from the host cadaver before, during and after the increase in infectivity. The infectivity assay employs the same host-and time-limited conditions as previously described (Griffin, 1996) , and hence cannot distinguish between changes in the non-infectious proportion and changes in infectivity (infective tendency) of individuals. The free-living IJ is the dispersal and host-finding stage for entomopathogenic nematodes : the migration rate both in the presence and absence of a host is therefore ecologically important and assessments of migration were included in this study. In addition, direct observations were made of the behaviour of IJs.
A wide variety of behavioural actions has been described for nematodes. With very few exceptions, nematodes move by sinusoidal or undulatory propulsion : waves are propagated in the anterior end of the worm and move backwards along the length of its body causing the nematode to move forward (Croll, 1970) . Nematodes can stop during forward movement and move backward using waves that are propagated at the tail. These waves are often more rapid than the ones that propel the nematode forward and are of short duration (Croll & Matthews, 1977) . Other forms of activity include head lifting, coiling, nictation and penetration behaviours. Nematodes, particularly infective juveniles, may spend periods of time inactive. Inactivity can result from lack of stimulation, lack of energy and sensory habituation. Environmental factors such as dehydration, cold, lack of oxygen and high osmotic pressure may also inactivate nematodes (Van Gundy, 1965 ; Croll, 1970) . Inactivity in some nematodes is characterized by distinct postures or assumed shapes. Steinernematid and heterorhabditid IJs tend to become straight when inactive (Ishibashi & Kondo, 1990) .
To investigate behavioural changes in ageing H. megidis IJs, they were stored for up to 4 weeks after emergence from the host cadaver and, at intervals, their infectivity, migration rates and responses to host volatiles were measured and their behaviour (including activity levels) in water was recorded.
materials and methods
H. megidis isolate UK211 IJs were cultured in last instar larvae of the greater wax moth (Galleria mellonella) at 20 mC (Woodring & Kaya, 1988) . IJs began to emerge approximately 14 days after infection. Those emerging prior to day 21 were harvested and discarded. Those emerging over the following 24 h were harvested and washed 3 times by sedimentation in tap water to obtain a batch of uniform age. An SDS (sodium dodecyl sulphate) test (Cassada & Russell, 1975) was carried out on freshly harvested nematodes (on day 0) to confirm that they were IJs. Nematodes were incubated in 1 % SDS at 20 mC for 24 h and the numbers dead and alive were counted ; 97 % survived this treatment. Washed IJs were stored at a concentration of 1000 IJs\ml in 8 ml of water in 5n5 cm Petri dishes at 20 mC. Tests were carried out on IJs as they aged over a 4-week period. Tests were conducted twice weekly from the day of harvest (day 0). On each test day the contents of 3 dishes were combined and the concentration adjusted to 1000 live IJs\ml. IJ mortality was monitored during this time and never fell below 86 % in 4 populations tested.
Infectivity assay
The assay arena consisted of a plastic vial (40 mm heighti45 mm diam.) packed with moist sand (Griffin, 1996) . The sand was sieved and washed, and the fraction retained between sieves of 160 μm and 425 μm pore size was used. This was heat sterilized at 120 mC overnight, and then moistened with 8 % (w\w) tapwater. One late instar G. mellonella larva was placed at the bottom of the vial which was then packed with sand. Vials were capped and thermoequilibrated at 20 mC for 2 h. Following thermoequilibration, each vial received 100 nematodes in 100 μl of tap water pipetted to an indentation in the sand. On each test date, 15 replicate vials received nematodes and 5 vials received 100 μl of tap water. The vials were incubated at 20 mC for 16n5 h. After this time, the insects were removed from the vials and washed in 3 changes of tap water to remove any nematodes adhering to the outside of the insect, and then dried in paper towelling. The insects were incubated at 20 mC for 24 h. After this time, they were placed onto moist towelling paper and incubated for a further 4 days. Any insects still alive after this time were discarded and the number of infective juveniles entering them was assumed to be zero. Mortality of insects which received water only was always zero. The number of first generation adults, assumed to represent the number of IJs that had entered each insect, was determined by dissection of the insects 5 days after their removal from the sand. This experiment was repeated 7 times. 
Behaviour in water
A suspension of IJs (17n5 μl of 1000 IJs\ml) was placed in a 16 mm# well in a 24-well cloning plate (92i136 mm, Sterilin). The plate was placed on the stage of a binocular microscope and allowed to acclimatize for 5 min. Nematodes were filmed using a MTI series 68 (Dage MTI Inc., Michigan, USA) camera mounted on a Nikon SMZ-V binocular microscope (Nikon Ltd, Japan) at a combined magnification of 30i. Illumination was from an Intralux 4000-1 fibre optic (cold) light (Volpi, Switzerland). Nematodes were videotaped for 10 min for subsequent analysis. Two measures of behaviour were made. Firstly, the proportion of nematodes which were active was recorded at the beginning of each recording (10 replicates per experiment). Secondly, the behaviour of individual IJs was analysed for 1 min each (30 IJs per experiment). Seven different categories of behaviour were designated (Table 1 ). The duration of each behavioural category was recorded with the aid of a computer programme written using the True Basic package (True Basic Inc., 1986) . Each bout length was timed to within 0n001 sec. Analysis was carried out ' blind ' i.e. the observer did not know the identity of the treatment. This experiment was repeated 7 times.
Host finding on agar
The bioassay described by Gaugler, Campbell & McGuire (1989) was used to test the host-finding capabilities of IJs, with the exception that agar (2 %) was poured into 5 replicate 9 cm diameter plastic Petri dishes and allowed to set on a level surface to a depth of approx. 3 mm. Dishes were incubated for 30 min at 20 mC to allow a gradient of host volatiles to form. A clump containing approximately 1000 IJs was then introduced through the access port. The test dishes were incubated at 20 mC for 30 min. Following this, the response of the IJs was scored by determining the percentage of IJs in each of the following sections on the plate : (1) a central strip 1 cm in width (containing IJs that displayed no net movement in either direction) ; (2) the half of the dish containing the host tip but excluding area (1) (IJs that responded positively to the host) ; (3) the half of the dish containing the control tip but excluding area (1) (IJs that responded negatively to the host) ; (4) the area (1 cm diam.) directly under the host tip, and (5) the area (1 cm diam.) directly under the control tip. Each section of agar from the assay plate was removed using a scalpel and rinsed into a 5n5 cm diam. Petri dish using 10 ml of tapwater, and the total number of IJs in each section was determined.
Nematode migration in sand
Sand columns were used to assess migration through sand as described by Westerman (1992) , with the following modifications. Each column (12 cm in height) consisted of 3 rings (4 cm height, 4n5 cm diam.). The tops of the columns were wrapped in Parafilm, whereas the bottom was covered with both Parafilm and aluminium foil. Washed sea sand (the fraction retained between sieves of 160 μm and 425 μm pore size) was used. Columns were thermoequilibrated for 2 h at the test temperature of 20 mC. After thermoequilibration each of 3 replicate columns received a dose of 2000 IJs in 0n5 ml of tapwater. The duration of the test was 4 h. The sand from each ring, the ring itself and any Parafilm used were washed with 50 ml of tapwater and the rinse water passed through a sieve (32 μm mesh). The number of IJs in the rinse water was counted. The mean migration distance of the IJs was calculated using a modified method of Westerman (1992). This experiment was repeated twice.
Statistics
Statistical analysis was performed using Minitab 12.1 (Minitab Inc., 1998) . When the data were not normally distributed they were transformed using an arcsine transformation. Results of tests performed on different dates were compared using ANOVA (for agar assay and behaviour) or General linear model ANOVA (for infectivity). Where a significant (P 0n05) F value was obtained, this was followed by a pair-wise multi-comparison procedure, Tukey's test (P 0n05). If data could not be normalized a non-parametric alternative (Kruskal-Wallis) was carried out. For comparisons between 2 test groups Student's t-test was carried out. Correlations between 2 sets of data were performed using the Pearson product moment.
results

Infectivity
The percentage of IJs establishing in insects rose from 11 on day 0 to 38 on day 9, a 3n5-fold increase in infectivity (Fig. 1) . The difference between infectivity on days 0 and 9 was significant (P 0n05). The percentage of IJs infecting fell thereafter, reaching 27 on day 28.
Behaviour in water
Nearly all of the IJs (99 and 97 % respectively) were active on day 0 and day 2 (Fig. 2) . Activity rates decreased thereafter to approximately 70 % of IJs active on days 23 and 28. There was a significant (P 0n05) difference between the percentage IJs active on the first two test days (0 and 2) and the last two test days (23 and 28).
The main behavioural categories expressed by the IJs were waving, body movements and immobility. Together they accounted for 72-85 % of the observation time (Fig. 3) . The categories coiling, headlifting and reversewave remained at low level throughout the 4 weeks of storage, each of them typically below 5 % of the observation time. Head thrusting was also expressed at quite a low level, averaging less than 8 % of the total observation time.
Statistical analysis was carried out separately on each behaviour. Waving was initially the dominant behaviour but decreased (P 0n05) from 66 and 68 % observation time on days 0 and 2, respectively, to 13-27 % observation time from day 14 onwards (Fig. 3) . Waving was gradually replaced by immobility and less active behaviours particularly body movements. Time spent immobile increased significantly (Kruskal-Wallis, P 0n05) from less than 1 % of the observation time on day 0 to over 25 % on day 28 (Fig. 3) , and body movements increased (P 0n 05) from 10 and 12 % on days 0 and 2 respectively to 34-44 % from day 14 onwards (Fig. 3) . Time spent headlifting remained the same (P 0n05) throughout the test period. Coiling was at its highest level (7 %) on day 0, differing (P 0n05) from day 2, day 14 and waving, immobility, body movements, coiling, reversewave, headlifting and head thrusting in water at 20 mC. The same or no letters indicate no significant differences. P 0n05 indicates a significant difference overall using a nonparametric test (Kruskal-Wallis). Each bar represents the mean of 7 experimentsps.e.m. day 16 (2-3 %). Reversewave declined (P 0n05) from 4 % on day 0 to 1 % on day 14.
Time spent head thrusting increased from 3 % of observation period on day 0 to 13n5 % on day 9 and 15 % on day 16 (Fig. 1) . The difference between day 0 and day 9 was significant (P 0n05). Time spent head thrusting then declined to below 8 % from day 21 onwards. Time spent head thrusting followed a similar pattern to infectivity (Fig. 1) . The two parameters were strongly correlated (R# l 0n83, P l 0n001). Both were at a maximum 9 and 16 days after emergence from the host.
Host finding on agar
Host finding on agar tended to decrease as the IJs of H. megidis aged (Fig. 4 A and B) . The total percentage of IJs moving in any direction from the point of application dropped (P 0n05) from a maximum of 69 % on day 2 to 40 % on day 23. The decrease was due largely to a decline in the numbers moving to the host side of the arena, i.e. there was a decline in responsiveness to the host (Fig. 4 A) . The lowest percentage of IJs in the host side of the plate, 20 %, was recorded on day 23. This differed significantly from day 2 (P 0n05). No difference (P 0n05) was found in the percentage of nematodes found in the negative area of the plate over time (Fig.  4 A) . IJs accumulated preferentially under the host tip when compared to the percentage found under the control tip (Student's t-test, P 0n05) (Fig. 4 B) . However, the percentage of IJs found in these areas remained low, averaging 3n7 % and 0n6 % under the host tip and control tip respectively. There was a drop (P 0n05) in the number of IJs found underneath the control tip, from 1n5 % on day 2 to 0n2% on days 23 and 28. There was no change (P 0n05) in the number of IJs found under the host tip.
Nematode migration in sand
The average distance IJs travelled in sand columns fell significantly (P 0n05) the longer they were stored (Fig. 5) . The maximum distance migrated by IJs during the 4-h trial was 5n8 cm on day 0 and the minimum 2 cm on day 23.
discussion
The behaviour of H. megidis appears to be phased. Activity levels of the IJs were greatest within the first week of emergence from the insect host. This initial period was characterized by high levels of activity. Nearly all IJs were active in water and they spent a high proportion of time waving -the normal means of forward movement. There was also a high migration rate in sand and on agar, and greater migration to the host side than the non-host side of the agar arena. However, infectivity of the IJ population during this first week was low. This suggests that, on emergence from the host, the majority of the population of IJs are in a dispersive mode with only a small proportion infecting, at least under our time-and host-restricted assay conditions. This ' dispersive ' phase was gradually replaced by a less-active but increasingly infective phase. The infective phase was characterized by a reduction in activity and migration behaviours. Coupled with this was an increase in infectivity. Eventually, both infectivity and activity declined somewhat towards the end of the 4-week test period, representing a third phase. As the IJs were stored in water a build up of excretory products may have affected their behaviour. However, infectivity did not differ between H. megidis IJs stored in the same manner as those used in these experiments and IJs stored in water which was frequently changed (Dempsey, 2000) . Longer-term experiments (56 days) also showed no effect of changing the water on survival of H. megidis IJs (P. Dagg, unpublished data).
The increase in infectivity of H. megidis IJs following emergence from the host cadaver confirms the finding of Griffin (1996) . Furthermore, the parallel records made here on ageing IJs give an indication of the specific behavioural changes contributing to the increase in infectivity. As both activity and specific (towards a host) and nonspecific migration had already begun to decline as infectivity was increasing, neither a general increase in locomotory activity nor increased responsiveness to volatile host cues is likely to be the cause of the observed increase in infectivity with increasing storage time. There was, however, a tendency for the level of ' head thrusting ' behaviour to follow the same pattern as infectivity as the IJs aged. In head thrusting, IJs push their anterior end against the bottom or the sides of the vessel containing them, and subjectively appear to be trying to penetrate it. Bedding & Molyneux (1982) described the ability of heterorhabditids to penetrate an insect cuticle using their dorsal tooth. They postulated that the high internal hydrostatic pressure coupled with the minute diameter of the head (ca. 8n15 μm) enables them to push through the thin inter-segmental membranes of the insect cuticle.
In our experiments, head thrusting behaviour occurred in the absence of any host stimuli. Penetrative behaviour has been previously observed in the presence of host cues. In the presence of host faeces and gut contents H. bacteriophora and Steinernema spp. increased the duration of time spent head thrusting or head thrusting into the substrate (Grewal, Gaugler & Lewis, 1993 a ; Grewal, Gaugler & Selvan, 1993 b) . The largest increase in the amount of time spent head thrusting in response to host cues was found in H. bacteriophora (Grewal et al. 1993 a, b) . Head thrusting described as ' repeated thrusting of head against the substrate ' was presumed to be a host penetration behaviour (Grewal et al. 1993 a, b) and is probably analogous to the behaviour observed here in H. megidis. Similar preinfection behaviours have been described in other parasites in response to host stimuli, including stylet thrusting and head-end bending in Heterodera schachtii (Grundler, Schnibe & Wyss, 1991) . Although head thrusting behaviour in H. megidis may be related to physical penetration of the insect host, in the present study it occurred in the absence of specific host cues, and may have been initiated by mechanical stimulation provided by the bottom or walls of the container. Observed changes in head thrusting behaviour might either reflect a change in touch sensitivity of the IJs or a change in the stimulus threshold for this behaviour. In soil, nematodes are not normally submerged in water. However, head thrusting behaviour was not exclusively observed in water but was also seen in IJs on 2 % agar prior to penetrating into it (Dempsey, 2000) . The available evidence suggests that the observed increase in infectivity of H. megidis may be due to an increased tendency to attempt penetration rather than to an increase in either general levels of motor activity or responsiveness to volatile host cues. An increased responsiveness to contact chemical cues associated with the host, accompanying the generalized tendency to penetrate an object, cannot be excluded.
Age-dependent changes in foraging strategy have been described for many parasite groups (Evans & Perry, 1976 ; Croll & Matthews, 1977 ; Schad, 1977 ; Gautret & Motard, 1999) . In entomopathogenic nematodes, a switch in behavioural tactics has been proposed in S. carpocapsae (Lewis et al. 1995 ; Lewis, Campbell & Gaugler, 1997) . When IJs of this species first emerge from the host they display a characteristically ambush type foraging strategy. Following storage at 25 mC they decreased the amount of time spent nictating, increased locomotory rate across agar and migrated more successfully towards insect host cues, indicating a change to an increasingly cruiser type foraging strategy. However, those authors concluded that the change in behaviour of S. carpocapsae IJs was not a true switch in foraging strategy as it did not result in an increase in the number of IJs invading subterranean hosts. H. megidis has been described as a cruiser type forager (Grewal et al. 1994) . Activity of cruiser-type species of entomopathogenic nematodes, including H. bacteriophora, typically declines with age (Lewis et al. 1995) . However, we have shown here that this is not the only change occurring in H. megidis. The behaviour of the H. megidis IJ population during the first 4 weeks after emergence from the host cadaver seems to be phased, with an initial dispersive phase gradually replaced by a less active but increasingly infective phase. This strategy would result in dispersal of many of the IJs away from the areas of high density around the source cadaver, reducing the risk of overcrowding in new hosts. The final phase recognized here, in which both dispersal and infectivity are declining, may be energy limited or some IJs may have entered quiescence to conserve energy. This phasing can be seen, not as a switch in foraging strategy, but as representing the foraging strategy itself, a strategy which can be summarized as ' disperse, then infect, and if a host has not been encountered within a certain distance then adopt energy conserving measures '. As the parameters were measured at a population level, we cannot say that all IJs follow the same strategy. There may be cohorts with different behavioural strategies such as ' infect early ; don't disperse '. We have described here the behaviour of IJs that emerged from the host cadaver over a single 24-h period. Time of emergence affects the behaviour and stress tolerance of H. megidis IJs (O'Leary, Burnell & Kusel, 1999) , and also the way in which infectivity changes during storage (Ryder & Griffin, unpublished observations).
